Background: Dimerization of cystatin C initiates formation of amyloid fibrils in vascular walls. Results: Reactive oxygen species regulate cystatin C dimerization in cells of the hematopoietic system, which are major contributors to the total pool of circulating cystatin C. Conclusion: Cystatin C dimerization is regulated in hematopoietic cells. Significance: Cystatin C synthesis and dimerization might be manipulated for therapeutic gain.
The cysteine protease inhibitor cystatin C is thought to be secreted by most cells and eliminated in the kidneys, so its concentration in plasma is diagnostic of kidney function. Low extracellular cystatin C is linked to pathologic protease activity in cancer, arthritis, atherosclerosis, aortic aneurism, and emphysema. Cystatin C forms non-inhibitory dimers and aggregates by a mechanism known as domain swapping, a property that reportedly protects against Alzheimer disease but can also cause amyloid angiopathy. Despite these clinical associations, little is known about the regulation of cystatin C production, dimerization, and secretion. We show that hematopoietic cells are major contributors to extracellular cystatin C levels in healthy mice. Among these cells, macrophages and dendritic cells (DC) are the predominant producers of cystatin C. Both cell types synthesize monomeric and dimeric cystatin C in vivo, but only secrete monomer. Dimerization occurs co-translationally in the endoplasmic reticulum and is regulated by the levels of reactive oxygen species (ROS) derived from mitochondria. Drugs or stimuli that reduce the intracellular concentration of ROS inhibit cystatin C dimerization. The extracellular concentration of inhibitory cystatin C is thus partly dependent on the abundance of macrophages and DC, and the ROS levels. These results have implications for the diagnostic use of serum cystatin C as a marker of kidney function during inflammatory processes that induce changes in DC or macrophage abundance. They also suggest an important role for macrophages, DC, and ROS in diseases associated with the protease inhibitory activity or amyloidogenic properties of cystatin C.
Cystatin C is the most studied of the type II cystatins, a family of secreted small proteins (ϳ120 amino acids) that inhibit cysteine proteases of the papain family, and legumain (1) . Cystatin C inhibits proteases by forming tight, non-covalent associations with its target enzymes. Cystatin C has long been considered ubiquitously expressed and is abundant in body fluids. Due to these characteristics cystatin C is regarded as a major regulator of protease activity in the extracellular milieu.
Cystatin C influences the progression of diseases where extracellular proteolysis plays a role, for instance, cancer metastasis, atherosclerosis, aortic aneurisms, emphysema, or arthritis (2) (3) (4) (5) (6) . It is important to identify which cells contribute to local cystatin C levels and to characterize mechanisms involved in regulation of cystatin C expression and secretion. Another property that underpins the clinical interest of cystatin C is its value as a diagnostic marker of kidney function (7, 8) . This value is predicated on the assumption that cystatin C is produced by most cells in the body at a relatively constant rate so that its serum concentration is primarily regulated by removal in the glomerulus (9) . However, previous reports by Tamura and collaborators (10) and ourselves (11, 48) demonstrated that the promoter of the gene encoding mouse cystatin C, cst3, contains binding elements for transcription factors IRF8 and PU.1 (Sfpi-1). Co-expression of IRF8 and PU.1 drives high cystatin C expression in macrophages and a population of dendritic cells, which in mice are characterized by CD8 expression (CD8 ϩ DC)
The third clinically relevant feature of cystatin C is its association with neurodegenerative disease and cerebral angiopathy (12) . Cystatin C can form homodimers by a process known as "domain swapping" (13) . Cystatin C dimers cannot inhibit cysteine proteases because their inhibitory region is hidden within the dimer interface (13) . These dimers can "grow" by additional rounds of swapping to form toxic amyloid deposits similar to those composed of prion proteins or the ␤-amyloid peptide (A␤) (14) . Indeed, cystatin C is present in A␤ amyloid deposits in the brain and associated vascular tissue of Alzheimer disease patients and may contribute to pathology (15) . A mutant form of human cystatin C has a much higher propensity to dimerize and form fibrils in the brain vasculature, and these fibrils cause hemorrhage, dementia, and eventually death in people carrying this mutation, a condition known as hereditary cystatin C amyloid angiopathy (HCCAA) (16) . On the other hand, wild-type cystatin C reportedly plays a protective role in Alzheimer disease through its association with A␤ (17) . For these pathologies, it is important to characterize not only the mechanisms that control cystatin C expression but also those that regulate its dimerization. However, most of the studies that have examined cystatin C dimerization were based on in vitro assays employing recombinant protein; little is known about the generation of dimers in vivo (18) .
Here, we first extend our studies on the pattern of cystatin C expression and show that bone marrow-derived cells are major contributors to the steady-state level of serum cystatin C. We also show that CD8 ϩ DC and macrophages synthesize both cystatin C monomers and dimers in vivo under non-pathological conditions, but regulate differently the secretion of the monomeric and dimeric forms. Finally, we demonstrate that the ratio of cystatin C monomer/dimer synthesized by macrophages and DC is regulated by the amount of intracellular reactive oxygen species (ROS) produced by mitochondria. We discuss the implications of these results for the application of serum cystatin C measurements as a diagnostic marker of kidney function, the contribution of different cell types to pathologies associated with cystatin C, and the potential therapeutic application of regulators of cystatin C synthesis, dimerization, and secretion, or ROS formation, for the treatment of these pathologies.
EXPERIMENTAL PROCEDURES
Mice and Reagents-C57BL/6 and cystatin C-deficient (19) mice were bred in the animal facilities of the Walter and Eliza Hall Institute (WEHI) and the Bio21 Institute at the University of Melbourne. All animal breeding and experimentation was conducted according to institutional guidelines and approved by WEHI Animal Care and Users Committee and the University of Melbourne Animal Ethics Committee. Anti-human cystatin C rabbit sera were from DAKO (Glostrup, Denmark) or Upstate Biotechnology (Lake Placid, NY). Goat anti-human cystatin C serum was from R&D Systems (Minneapolis, MN). Carboxymethylated papain bound to agarose beads was purchased from Calbiochem (San Diego, CA) or MP Biomedical (Solon, OH). Hydrogen peroxide (H 2 O 2 ) was purchased from Cell Biolabs, Inc. (San Diego, CA). Ethacrynic acid (EA) and antimycin A (AA) was from Sigma.
Purification of Splenic DC and Lymphocytes-Splenic DC were purified as described before (20) . Briefly, spleen fragments were digested with DNase I (Boehringer Mannheim) and collagenase (Worthington Biochemicals, Freehold, NJ) and enriched for light-density cells by centrifugation in 1.077 g/cm 3 Nycodenz (Nycomed Pharma, Oslo, Norway). Non-DC were depleted using antibodies against CD3 (KT3-1.1), Thy-1 (T24/ 31.7), Ter 119, Ly6G (RB68C5), and CD45R (RA36B2), followed by incubation with anti-rat IgG-coupled magnetic beads (Dynal, Oslo, Norway) according to the manufacturer's instructions. CD8
ϩ DC were further isolated by positive selection using immuno-magnetic beads (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany) after staining with anti-CD8 (YTS 169.4) antibody. Other purified lymphocytes were sorted from DNase/collagenase-digested spleen single-cell suspensions by flow cytometry.
Dendritic Cell and Macrophage Cultures from Bone Marrow Precursors-Bone marrow (BM)-derived DC or macrophages were generated as described (21, 22) . Briefly, BM was harvested, and red cells were removed by a 30-s exposure to red cell removal buffer and washed three times. Cells were then cultured at 1.5 ϫ 10 6 cells/ml for 8 days in complete medium containing 300 ng/ml of mouse Flt-3L (WEHI) for DC or for 7 days in complete medium containing 25 ng/ml of recombinant human M-CSF (R&D Systems) for macrophages.
Bone Marrow Transplantations-Bone marrow chimeras were generated as described (23) . Briefly, Ly5.1 recipient mice were ␥-irradiated (2 ϫ 0.55 gray) and reconstituted with 1 ϫ 10 6 T and B cell-depleted bone marrow cells from wild-type or cystatin C Ϫ/Ϫ mice. Chimeras were then treated with neomycin (1.1 g/ml) in the drinking water for the next 6 weeks and used for subsequent experiments after at least 8 weeks from reconstitution. Confirmation of transplantation was performed by FACS analysis of splenocytes or blood cells measuring the percentage of donor cells.
ELISA-The concentration of cystatin C in serum was determined using the mouse DuoSet ELISA kit (R&D Systems) according to the manufacturer's instructions.
Radioactive Pulse-Chase Analysis-Pulse-chase experiments were carried out as previously described (24) . Briefly, purified DC populations were incubated at a maximum of 10 7 cells/ml in methionine/cysteine-deficient DMEM for 30 min at 37°C. DC were pulsed for 30 - Cell Lysis and Immunoprecipitation-All steps for immunoprecipitation were performed at 4°C as described before (25) . Metabolically radiolabeled or non-radiolabeled cells were lysed in up to 1 ml of lysis buffer (50 mM Tris-HCl, pH 7.4, 5 mM MgCl 2 , 0.5% Nonidet P-40 and protease inhibitors (Roche Applied Science)), incubated for 15 min at 4°C on a roller, and then centrifuged for 10 min at 13,000 ϫ g in a Heraeus Biofuge TM (DJB Labcare) to remove nuclei and cell debris. For radioactively labeled samples the efficiency of [ 35 S]Met/Cys incorporation was determined by trichloroacetic acid (TCA) (Sigma) precipitation whereby 5 l of cell lysate was spotted on filter paper and washed three times in 1% TCA. The radioactivity was measured in duplicate spots using a TopCount scintillation counter (Canberra Packard) and the amount of cell lysate used for the immunoprecipitation was normalized accordingly. Cell lysates, serum-free cell culture supernatants, or gel filtration fractions were pre-cleared once for 60 min with 2 l of normal rabbit or goat serum (Sigma) and 30 l of 60% Protein G-Sepharose slurry (GE Healthcare), followed by a second 45-min pre-clearing step with Protein G-Sepharose beads.
Immunoprecipitations were carried out for 2 h with 2 l of anti-cystatin C serum and 30 l of Protein G beads. Immunoprecipitates were washed three times with NET buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40 and protease inhibitors (Roche Applied Science)), resuspended in Laemmli SDS sample buffer, boiled, and analyzed by SDS-PAGE followed by Western blot or autoradiography.
Gel Filtration Chromatography-Samples (400 l) of cell lysates or serum-free cell culture supernatants were fractionated by gel filtration chromatography using a Waters HPLC system on a pre-packed Superdex 200 column (300 ϫ 10-mm internal diameter, GE Healthcare) equilibrated in 50 mM TrisHCl, pH 7.4, 150 mM NaCl, 5 mM MgCl 2 , 0.5% Nonidet P-40 and protease inhibitors (Roche Applied Science). Initial experiments included 0.5% Nonidet P-40 in the column buffer, which had no effect on the retention times of proteins and was subsequently omitted. The column was calibrated with Bio-Rad gel filtration standard containing vitamin B12 (1.35 kDa), equine myoglobin (17.5 kDa), chicken ovalbumin (44 kDa), bovine ␥-globulin (158 kDa), and thyroglobulin dimer (670 kDa). The flow rate was 0.4 ml/min and 0.4-ml fractions were collected. Two consecutive fractions were combined and assayed for the presence of cystatin C by immunoprecipitation and Western blot analysis.
Papain-Agarose Precipitation-Cell lysates or cell culture supernatants were incubated with a saturating amount of (proteolytically inactive) carboxymethylated papain bound to agarose beads at 4°C for 2 h with gentle mixing. The papain-agarose beads were sedimented by centrifugation and washed three times with NET buffer. Papain-bound cystatin C was recovered by boiling in Laemmli sample buffer and analyzed by Western blot or autoradiography as applicable. Where indicated, the samples were subjected to a new round of papainagarose precipitation followed by immunoprecipitation of the remaining cystatin C as described above.
SDS-PAGE, Western Blot Analysis, and AutoradiographyFrozen cell pellets, immunoprecipitates, or papain-agarose precipitates were re-suspended in Laemmli sample buffer and resolved by 11.5% SDS-PAGE. Reducing agents were omitted from the sample buffer where indicated. Western blot analysis was performed as described (24) . After SDS-PAGE, proteins were electroblotted using a Hoefer TM semi-dry transfer unit (Amersham Biosciences) onto an Hybond-P TM PVDF membrane (Amersham Biosciences) and blocked for 2 h with 5% (w/v) skim milk in PBS containing 0.2% (v/v) Tween 20 (PBS-T). The membranes were rinsed in PBS-T and incubated with the appropriate primary antibody for 1-1.5 h. Bound proteins were detected using appropriate secondary antibodies conjugated to horseradish peroxidase (GE Healthcare). Detection was performed using SuperSignal chemiluminescence substrate (Pierce, Rockford, IL). All Western blot quantitation was performed with a Molecular Dynamics densitometer using ImageQuant TM 5.0 software. For autoradiography, gels were then treated with dimethyl sulfoxide containing 4 -5 g/liter of 2,5-diphenyloxazole (Sigma) scintillant. Radioactive polypeptides were visualized using a phosphorimager (Molecular Dynamics) or Scientific Imaging Film (Hyperfilm, Amersham Biosciences or Biomax, Kodak). Quantitation was performed with a Molecular Dynamics densitometer using ImageQuant TM 5.0 software. Intracellular ROS Detection-Cells were incubated or not with the indicated reagents and then washed with PBS. Detection of intracellular ROS was conducted by incubating the cells with 2 mM of the redox sensitive probe 5-(and 6-)chloromethyl 2Ј,7Ј-dichlorodihydrofluorescein diacetate, acetyl ester (Molecular Probes) for 15 min at 37°C. Oxidation of the probe was detected by the increase in FITC fluorescence using flow cytometry.
Statistics-Mean Ϯ S.D. values, and two-tailed Student's t tests (unpaired) were calculated using Microsoft Excel software. A p level Յ 0.05 was considered significant. Error bars represent mean Ϯ S.E.
RESULTS
Bone Marrow-derived Cells Are Major Contributors to Extracellular Cystatin C Concentration-Expression of the gene encoding cystatin C, cst3, is stimulated by transcription factor IRF-8 and further enhanced by another transcription factor, PU.1 (Sfpi-1) (10, 11). As IRF-8 and PU.1 are predominantly expressed in hematopoietic cells, we first examined to what extent the overall levels of extracellular cystatin C depend on expression by bone marrow-derived cells. We transferred bone marrow from wild-type or cystatin C Ϫ/Ϫ mice into sublethally irradiated cystatin C ϩ/ϩ mice. More than 90% of the hematopoietic compartment in the resulting chimeric mice was derived from the donor bone marrow (data not shown). The amount of cystatin C in spleen cell lysates of chimeras reconstituted with cystatin C Ϫ/Ϫ bone marrow was lower than in mice reconstituted with wild-type bone marrow (Fig. 1A) . This was not surprising because most of the splenic cells are bone marrow-derived. More strikingly, the concentration of cystatin C in the serum of mice reconstituted with cystatin C Ϫ/Ϫ bone marrow was 30% lower than in mice reconstituted with wildtype bone marrow (Fig. 1B) . We also generated chimeras where cystatin C Ϫ/Ϫ hosts received wild-type bone marrow. In these chimeric mice the serum concentration of cystatin C was 18% of the amount present in mice where all cells expressed cystatin C (Fig. 1C) . These results demonstrate an important contribution of bone marrow-derived cells to the overall extracellular level of cystatin C.
Macrophages and CD8 ϩ DC Are the Major Bone Marrowderived Producers of Cystatin C-To further characterize the pattern of expression of cystatin C among bone marrow-derived cells, we used Western blot to compare its abundance in purified B lymphocytes, CD4
ϩ and CD8 ϩ T lymphocytes, and DC. The DC were subdivided into the two major subgroups present in lymphoid organs, CD8
ϩ DC and CD11b ϩ DC. Expression was highest in CD8 ϩ DC (11) and negligible in all lymphocyte populations (Fig. 1D) (48) . Macrophages have also been reported to express high levels of cystatin C (10, 26), but have not been compared side by side to other cell types. We generated bone marrow-derived macrophages or DC in vitro and included them in this comparison, which revealed an intermediate level of cystatin C expression in macrophages (Fig. 1D) . To verify that the contrast in intracellular content of cystatin C was due to differences in synthesis, we metabolically radiolabeled purified CD11b ϩ and CD8 ϩ DC and peritoneal macrophages and immunoprecipitated cystatin C from normalized amounts of radiolabeled cell lysates. The CD8 ϩ DC synthesized the largest amount, followed by macrophages (Fig. 1E) . The amount of cystatin C secreted by the three cell types to the culture supernatant during radiolabeling followed the same pattern (Fig.  1E) . These results suggest that CD8 ϩ DC and macrophages are major contributors to extracellular cystatin C concentration. In the rest of this article we will refer to CD8 ϩ DC as DC.
Constitutive Formation of Inactive Cystatin C Dimers in Primary DC-
The main function of cystatin C, and the basis for its reported role in cancer metastasis, atherosclerosis, aortic aneu- risms, emphysema, or arthritis (27) , is the inhibition of cysteine proteases. All of the cystatin C contained in DC lysates could be immunoprecipitated using a rabbit antiserum (data not shown). To assess how much of the protein could bind to papain, the canonical cysteine protease inhibited by cystatin C, we used immobilized carboxymethylated papain to precipitate this fraction from freshly purified DC lysates. Carboxymethylation inactivates the protease activity of papain but does not prevent high-affinity binding of cystatin C. We were surprised to find that we could only recover 60% of the protein. The remaining 40% could be retrieved sequentially by immunoprecipitation using anti-cystatin C antibodies (Fig. 2A) . We wondered if the fraction that could not be recognized by papain corresponded to domain-swapped cystatin C dimers, which do not bind to cysteine proteases (13) . To investigate this possibility we fractionated whole DC lysates by gel filtration chromatography, immunoprecipitated cystatin C from the column fractions, and detected cystatin C by Western blot. Approximately one-half of the cystatin C contained in the DC lysate eluted at a position corresponding to a monomer (13 kDa), whereas the other half eluted at a position consistent with a 26-kDa dimer (Fig. 2B) . The cystatin C dimers denatured in SDS-PAGE and migrated to the same position in the gel as the monomers. Chromatographic analysis of a DC lysate pre-depleted of papain-reactive cystatin C confirmed that only the papain-unreactive cystatin C species eluted as a dimer (Fig. 2B) . The dimer was not disulfide bound as revealed by Western blot analysis of a DC lysate run in SDS-PAGE in reducing versus non-reducing conditions (Fig. 2C) . To address the possibility that the species that eluted in size-exclusion chromatography as a dimer might in fact be cystatin C bound to some other protein, we resorted to mass spectrometry. We depleted the papain-reactive fraction from cell lysates. The remaining cystatin C dimer was then immunoprecipitated and loaded in SDS-PAGE. The regions of the gel containing proteins with molecular mass Ͻ25 kDa were excised, trypsinized, and analyzed by mass spectrometry to identify the proteins therein. We clearly detected cystatin C (5 peptides, 39% coverage) but no other mouse proteins were identified (data not shown). As these results were obtained with primary DC directly purified from lymphoid tissue, without any incubation in vitro, they show that DC contain both active (monomeric) and inactive (dimeric) cystatin C under non-pathological conditions.
Cystatin C Dimerizes in the ER during Synthesis, but Is Secreted Only in Monomeric Form-
The cystatin C dimer detected inside primary DC by Western blot might be of endogenous origin or captured from the extracellular environment. To distinguish between these two possibilities we investigated cystatin C synthesis and dimerization in splenic DC. Both papain-reactive monomer and non-reactive dimer could be recovered from DC metabolically radiolabeled (pulsed) for 30 min with [ 35 S]Met/Cys (Fig. 3, A and B) . Brefeldin A (BFA) is an inhibitor of protein export out of the endoplasmic reticulum (ER) and its addition during the pulse resulted in accumulation of both monomer and dimer, indicating that cystatin C dimerization occurred within the ER during or shortly after translation (Fig. 3C) . To determine the fate of the two molecular species, we incubated the radiolabeled DC in non-radioactive medium (chase) for up to 120 min and recovered the papain-reactive and non-reactive cystatin C fractions from the cells and the culture supernatant (this pulse-chase experiment was performed without BFA, Fig. 3, A and B) . We found that the intracellular cystatin C monomer and dimer were both greatly reduced during the chase period, but almost all of the cystatin C recovered from the culture medium was monomeric (Fig. 3, A  and B) . Furthermore, the amount of monomeric cystatin C secreted to the medium was higher than that detected intracellularly after the pulse (Fig. 3A) . This suggested that at least some of the newly synthesized dimer had been converted to monomer along the secretory pathway or soon after secretion. However, not all of the cystatin C synthesized during the pulse could ϩ DC were incubated with immobilized, carboxymethylated (proteolytically inactive) papain to precipitate active cystatin C (I). A saturating amount of papain was used as confirmed by the lack of additional cystatin C recovered during a second round of precipitation with the same reagent (II). Remaining (inactive) cystatin C was retrieved by immunoprecipitation using an anti-cystatin C rabbit serum (III). Both the papainreactive and inactive fractions of cystatin C were run in SDS-PAGE and visualized by Western blot. B, lysate of DC as above was either left untreated (control, upper gel) or incubated with carboxymethylated papain to deplete the active cystatin C (Post-papain, lower gel) before gel filtration chromatography. Cystatin C was retrieved from the fractions by immunoprecipitation using an anti-cystatin C rabbit serum. The immunoprecipitates were separated by 11.5% SDS-PAGE, and cystatin C was visualized by Western blot. The results were quantitated by densitometry (bottom graph). C, total cell lysates (TCL) of CD8 ϩ DC were mixed with sample buffer lacking (Ϫ) or containing (ϩ) 2-mercaptoethanol (2ME) as a reducing agent, fractionated by SDS-PAGE and analyzed by Western blot to detect cystatin C. All results are representative of two to three independent experiments.
be accounted for at the end of the 120-min chase, suggesting that some of the dimer was degraded intracellularly. Indeed, in cells pulse-chased in the presence of BFA to prevent egress of cystatin C out of the ER, the amount of monomer remained stable but the amount of dimer decreased gradually (Fig. 3D) . Together, these data indicate that DC synthesized both monomeric and dimeric cystatin C, but only secreted the monomeric form. Some of the dimeric cystatin C was secreted and converted to monomer and the rest was degraded intracellularly. We could not prevent intracellular cystatin C dimer degradation with lysosomal or proteasomal protease inhibitors (Fig. 3,  D and E) , so the identity of the proteases involved in degradation of dimeric cystatin C remains unknown.
Intracellular ROS Levels Determine the Extent of Cystatin C Dimerization-We extended the analysis of cystatin C dimerization to macrophages and found that in this cell type most of the cystatin C detected intracellularly by Western blot was dimeric (Fig. 4A) . Pulse-chase analysis confirmed that in macrophages cystatin C synthesis is biased toward production of the dimeric form, but like DC, macrophages only secreted monomeric cystatin C (Fig. 4B ). This result suggested that the amount of cystatin C dimer produced during or shortly after synthesis in the ER might vary depending on the physico-chemical conditions of this compartment in each cell type, and that these conditions were more conductive to dimerization in macrophages.
One factor that might influence cystatin C dimerization is the intracellular level of ROS, which promotes protein dimerization (28) . Macrophages have higher levels of ROS than DC (Fig. 4C) , so a correlation between the ROS level and intracellular cystatin C dimerization did exist. We predicted that decreasing the level of intracellular ROS would reduce cystatin C dimerization in DC. This could be achieved by culturing splenic DC in vitro, which leads to spontaneous activation of the DC (29) . DC activation is accompanied with a reduction in ROS levels (Fig. 4D ). Resting (freshly purified) and mature (cultured overnight) DC synthesized similar amounts of cystatin C (data FIGURE 3. Cystatin C dimerizes in the ER, but is mostly secreted as monomers. A, newly synthesized proteins from splenic CD8 ϩ DC were metabolically labeled with [ 35 S]Met/Cys. The cells were equally divided into pulsed and chased samples. The pulsed samples were lysed immediately, whereas the chased samples were incubated for the indicated times before lysis. Cystatin C monomer (mon) and dimer (dim) from either cell lysates (intracellular) or cell culture supernatants (S/N) were retrieved by precipitation with immobilized papain and then by immunoprecipitation with anti-cystatin C serum, respectively. The immunoprecipitates were fractionated by SDS-PAGE, and revealed by autoradiography. B, freshly isolated CD8 ϩ DC were treated as in A. Cell lysates from pulsed samples (top gel) or culture supernatants after a 120-min chase (bottom gel) were fractionated by gel-filtration chromatography. Cystatin C was retrieved from the fractions by immunoprecipitation using an anti-cystatin C rabbit serum. The immunoprecipitates were separated by 11.5% SDS-PAGE and cystatin C was visualized by autoradiography. The band intensities were quantitated in a phosphorimager (bottom graph). C, newly synthesized proteins from splenic CD8 ϩ DC were metabolically labeled with 35 S in the presence of the ER-Golgi protein transport inhibitor BFA, and cystatin C was retrieved as in A (pulse). D, Splenic CD8 ϩ DC were metabolically labeled in the presence of BFA and chased in the presence of BFA plus, where indicated, the proteasome inhibitor Lactacystin (Lact). Papain-reactive monomers and non-reactive dimers were immunoprecipitated and run in SDS-PAGE as in A. The amount of radioactive cystatin C in each lane was quantitated in a phosphorimager. E, as in D, but cells were pulsed without drugs and chased in the presence or absence of leupeptin. All results are representative of three or more independent experiments performed. not shown), but the latter down-regulated the formation of papain non-reactive cystatin C dimers (Fig. 4, E-G) . This result supported the notion of a direct correlation between the production of ROS and cystatin C dimerization.
Next we investigated the effect of raising the intracellular ROS level. For this test we could not use primary splenic DC as in the previous experiment because upon incubation in vitro these cells undergo spontaneous activation and down-regulate ROS production. Instead we used DC generated by culture of bone marrow precursors in medium supplemented with the DC growth factor, Flt3L. These DC are considered the functional equivalent of splenic DC (30) . Incubation of these DC with hydrogen peroxide (H 2 O 2 ) increased their intracellular ROS levels (Fig. 5A, upper panel) and promoted accumulation of the papain non-reactive cystatin C dimers (Fig. 5A, lower  panel) . These dimers were not disulfide linked as they were not stable in non-reducing SDS-PAGE (Fig. 5B) . As an alternative treatment to increase the intracellular ROS levels in the DC, we FIGURE 4. Intracellular ROS levels correlate with cystatin C dimerization. A, macrophages (M⌽) or DC generated in vitro from BM precursors were lysed and cystatin C was precipitated with carboxymethylated papain followed by immunoprecipitation with anti-cystatin C serum as described in the legend to Fig. 2A . The samples were fractionated in SDS-PAGE and cystatin C detected by Western blot. B, cystatin C monomer and dimer synthesis and secretion by M⌽ was analyzed as described for DC in the legend to Fig. 3A . C, macrophages and DC were loaded with the cell-permeable, redox-sensitive dye CM-H 2 DCFDA (5-(and 6-)chloromethyl 2Ј,7Ј-dichlorodihydrofluorescein diacetate), and their intracellular ROS levels were examined by flow cytometry. The graph shows the mean fluorescence intensity (MFI) in the FITC channel. The data are presented as the mean Ϯ S.E. of three independent experiments performed. D, the intracellular ROS levels in CD8 ϩ DC freshly isolated from spleens (immature), or in their counterparts cultured overnight (mature), were measured by FACS. E, lysates of purified immature (left) and mature (right) CD8 ϩ DC were fractionated by gel filtration chromatography. Cystatin C was immunoprecipitated from the fractions, run in SDS-PAGE, visualized by Western blot, and quantitated by densitometry (bottom graphs). F, lysates of mature CD8 ϩ DC were analyzed as described in the legend to Fig. 2A to retrieve cystatin C monomer (papain-binding) and dimer (sequentially immunoprecipitated with anti-cystatin C serum). G, mature CD8 ϩ DC were metabolically labeled/chased, and processed as described in the legend to Fig. 3B to measure cystatin C monomer and dimer synthesis and secretion. All results are representative of two to three independent experiments performed. 3) . B, total cell lysates of the H 2 O 2 -treated samples were analyzed by non-reducing SDS-PAGE and Western blot. C, BM-DC were incubated at 37°C with or without the antioxidant-depleting agent EA at 60 M. Intracellular ROS levels were measured by flow cytometry (upper panel) and cystatin C monomers and dimers were retrieved and visualized by Western blot (lower panel) as in A. D, BM-DC were pulsed chased as described in the legend to Fig. 3A but in the presence or absence of 60 mM EA. Cystatin C monomers and dimers were retrieved from cell lysates after the pulse, and from the culture supernatant after the chase (S/N) as indicated. Newly synthesized cystatin C was visualized by autoradiography. The result is representative of two independent experiments. The intensity of the bands containing cystatin C in the two independent experiments were quantitated by densitometry and shown as mean Ϯ S.E. (bottom graphs). E, BM-DC were either left untreated or treated with 60 M EA, or 60 M EA plus 50 nM mitochondria respiration chain complex inhibitor AA in triplicates before they were harvested and loaded with redox sensitive dye to check for intracellular ROS levels by flow cytometry. The data shows the mean Ϯ S.E., which is representative of two independent experiments. F, BM-DC were lysed and their intracellular cystatin C species examined by Western blot as in C. BM-DC from cystatin C-deficient mice (CstC Ϫ/Ϫ ) were included as negative control. All results are representative of two (A, B, D, and E), three (F), or five (C) independent experiments performed.
incubated the cells with EA, an agent that depletes intracellular glutathione (31) . A burst of intracellular ROS levels was observed following treatment with EA, which was accompanied with a gradual increase in the proportion of dimeric cystatin C within the cells (Fig. 5C ). This increase was due to enhanced formation of cystatin C dimers co-translationally or shortly after translation, although the dimers disassembled upon secretion so that all the cystatin C released to the culture supernatant of EA-treated DC was monomeric (Fig. 5D ). DC treated with EA thus resembled untreated macrophages (Fig. 4, A and B) .
Blocking the Mitochondrial Respiration Chain Antagonizes EA-induced Cystatin C Dimerization-Mitochondria are major producers of ROS as by-products of the respiratory chain (32) . To investigate the contribution of mitochondria to the EA-mediated induction of cystatin C dimerization we treated the cells with AA, a specific inhibitor of the mitochondrial respiratory complex III. This drug antagonized the effect of EA on ROS formation (Fig. 5E ) and induction of cystatin C dimerization (Fig. 5F ). Neither EA alone nor EA plus AA affected cell viability during the assay (data not shown). These results indicate that the production of ROS by mitochondria plays an important role in the magnitude of intracellular cystatin C dimerization within cells.
DISCUSSION
The first important conclusion of the results presented here is that cystatin C is not as ubiquitously expressed as generally assumed. We showed that bone marrow-derived cells contribute up to 30% of the steady-state concentration of cystatin C in mouse serum. Among these cells, the major producers were CD8 ϩ DC and macrophages. Immunofluorescence microscopy analysis of Langerhans cells also revealed high levels of cystatin C in this DC type of the skin (data not shown). This pattern of expression correlates with the results of the Immunological Genome Project and appears conserved in humans, with DC and macrophages showing the highest expression of the CST3 gene (49) .
One important implication of these observations is that the local concentration of cystatin C in a particular tissue may vary depending on the abundance of DC and macrophages. These two cell types accumulate at sites of inflammation, including atherosclerotic lesions, aortic aneurysms, and the brain (4, (33) (34) (35) . Furthermore, CD8
ϩ DC and monocyte-derived DC are present in healthy aortas and both expand during atherosclerosis (36) . It is plausible that the control of pathological extracellular proteolysis at sites of inflammation depends in part on secretion of cystatin C by DC and macrophages. Indeed, DC reportedly play protective roles in atherosclerosis (36) . We previously showed that IL-10 released during inflammation downregulates Irf-8 and hence cst3 expression in DC and macrophages (11) . As discussed below, the control of cystatin C dimerization and secretion by ROS introduces an additional layer of regulation. This complex interplay of regulatory mechanisms of cystatin C activity may partially explain the contrasting results of studies that examined the correlation between serum cystatin C and vascular diseases (4) . Recruitment of macrophages and DC at incipient vascular lesions may increase cystatin C secretion both locally and systemically, protecting against pathological degradation of the extracellular matrix by cysteine proteases. However, as the disease progresses and inflammation sets in, production of anti-inflammatory IL-10 might cause reduced production of cystatin C (11). Increased ROS levels at lesion sites (37) would also promote cystatin C dimerization and intracellular retention (see below). These effects may contribute to reduce cystatin C secretion and tip the local proteolytic balance toward extracellular matrix destruction (38) . It is in this situation where the low cystatin C concentration in plasma would correlate with susceptibility to vascular disease (3, 38) .
The level of cystatin C in plasma is used as a diagnostic marker of kidney disease (7-9, 39). Our results are also relevant to the interpretation of these measurements. Clearly, the assumption that cystatin C is constitutively produced by most nucleated cells at stable levels is not correct because some cell types express much more than others and expression is regulated by external stimuli (IL-10, ROS). Our results predict that infectious/inflammatory processes that lead to expansion of macrophages and DC, even if the increments are modest in the context of the whole body, might cause a significant change in serum cystatin C levels. Indeed, it has been shown that serum cystatin C concentration correlates with increased numbers of monocytes, the precursor of macrophages and DC (40, 41) . This correlation has been interpreted as evidence of kidney dysfunction by the same inflammatory processes that triggered monocyte recruitment. We propose that the increase in serum cystatin C might be a direct consequence of monocytosis, independently of the damage that the inflammatory process may have induced in the kidneys.
The third area where our results have clinical implications is cerebral amyloid angiopathy and neurodegeneration. Cystatin C plays beneficial and pathologic roles in Alzheimer disease (17, (42) (43) (44) . The beneficial roles have been attributed to the protease inhibitory function of cystatin C (42), to its largely uncharacterized neuroprotective or neurogenic activities (43, 44) , or to its capacity to inhibit formation of A␤ amyloid (17) . The pathologic roles have been attributed to the propensity of cystatin C to form dimers and amyloid deposits in the brain vasculature, by itself or with other proteins (12) . This is particularly true in the case of HCCAA, caused by a mutant form of cystatin C much more prone to domain swapping and amyloid formation (12) . As discussed above for other pathologies, bone marrowderived cells, in particular DC and macrophages, may contribute to these protective or deleterious effects. We propose that transplantation of HCCAA patients with non-mutant bone marrow may provide a viable therapy to avert the fatal consequences of the disease. Another implication is that inflammatory processes that induce DC and/or macrophage recruitment to the brain may increase the local concentration of cystatin C with potential pathologic or beneficial effects.
We have also described what we believe is the first study of cystatin C dimerization in primary cells expressing physiological levels of the protein. The biochemistry of cystatin C domain swapping has been studied in vitro employing recombinant protein (45) . Dimerization has previously been observed intracellularly, but in transfected cells overexpressing the protein, so the physiological relevance of this observation was unclear (46).
Here we showed that Ͼ40% of the total amount of cystatin C produced by primary DC and macrophages in healthy mice dimerizes in the ER lumen during or soon after translation. Dimerization did not correlate with the level of expression. The intracellular ROS levels, in contrast, exerted a major influence, with higher levels favoring dimer formation. We could not detect secretion of dimers; they were either converted into monomers in the extracellular medium and/or degraded intracellularly by unknown proteases. Control of dimerization may be a mechanism to regulate the secretion of protease inhibitory (monomeric) cystatin C, but it cannot be excluded that dimeric cystatin C may have specific intracellular functions. The effect of ROS on cystatin C dimerization is relevant in the context of atherosclerosis and aortic aneurisms because ROS increase in these lesions (37) , which might result in lesser secretion of monomeric cystatin C and increased extracellular cysteine protease activity and pathology.
Our observations prompt the hypothesis that intracellular processes may play a bigger role in the initial steps of cystatin C oligomerization/amyloidogenesis than generally recognized. Oxidative stress or cardiomyopathy induces cardiac tissue to release intracellular cystatin C, resulting in elevated serum cystatin C levels (47) . Events that promote increases in intracellular ROS levels in the brain or its associated vasculature might induce formation of cystatin C dimers. Such events are usually linked with insults that promote cellular stress and death, which might cause release of intracellular cystatin C dimers that could seed the formation of extracellular oligomers and eventually amyloid. Monocyte-derived macrophages and DC recruited to the site of tissue damage might exacerbate the process by contributing to raise the local concentration of cystatin C, and by themselves undergoing cell death and releasing cystatin C dimers induced by the oxidative stress. This process would be exacerbated in individuals expressing the dimerization prone, mutant form of cystatin C associated with HCCAA (16) . Strikingly, the lifespan of carriers of the mutant form of cystatin C that causes HCCAA decreased drastically in the 19th century, and this has been attributed to changes in lifestyle, specifically to a diet richer in carbohydrates and salt (33) . We speculate that such changes may increase the levels of ROS and the incidence of inflammatory processes in the brain vasculature, both of which would promote increased local cystatin C expression and dimerization. Changes in lifestyle patterns to reduce ROS formation or administration of antioxidants might slow down the formation of cystatin C amyloid.
